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HIGHLIGHTS 


•  The  Fe-doping  LiMnP04  nanomaterials  were  synthesized  by  a  solvothermal  method. 

•  The  particle  morphology  could  be  controlled  simply  by  adjusting  the  pH  values  of  precursor  suspensions. 

•  The  nanoplates  along  with  [010]  crystallographic  axis  with  20—30  nm  could  deliver  the  largest  discharge  capacity. 

•  Fe  doping  could  significantly  increase  the  initial  reversible  capacity. 
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The  Fe-doping  LiMnP04  (LiMni_xFexP04,  x  <  0.5)  nanomaterials  are  solvothermally  synthesized  in  a 
mixed  solvent  of  water  and  polyethylene  glycol  (PEG).  The  particle  morphology  can  be  controlled  simply 
by  adjusting  the  pH  values  of  precursor  suspensions.  Electrochemical  test  shows  that  LiMno.9Feo.1PO4 
nanoplates  with  a  thickness  of  20-30  nm  could  deliver  the  largest  discharge  capacity,  which  is  attributed 
to  the  fast  Li+  diffusion  in  the  diffusion  path  of  [010]  crystallographic  axis  along  the  short  radial  direction 
of  the  nanoplates.  It  is  demonstrated  that  Fe  doping  could  significantly  increase  the  initial  reversible 
capacity,  cycle  performance  and  rate  capability.  The  first  discharge  capacities  of  Fe-doped  LiMnP04  are  all 
above  150  mAh  g-1  at  the  discharge  rate  of  0.05  C.  Especially,  LiMno.5Feo.5PO4  delivers  100%  capacity 
retention  with  the  reversible  capacity  of  147  mAh  g-1  at  the  discharge  rate  of  1  C,  and  losses  only  about 
23.4%  capacity  with  the  discharge  rate  varying  from  0.1  C  to  5  C.  The  variation  of  energy  density  predicts 
that  LiMno.5Feo.5PO4  shows  the  potential  application  for  high-power  devices. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Olive-type  LiMP04  (M  =  Fe,  Mn,  Co,  Ni  etc.)  have  been  exten¬ 
sively  investigated  as  promising  cathode  materials  since  the  pio¬ 
neering  work  of  Padhi  et  al.  [1—3].  Among  these  phosphates, 
LiFeP04  gets  the  most  attention  and  has  already  been  commer¬ 
cialized  due  to  its  excellent  rate  capability  and  preferable  safety. 
However,  low  operating-potential  ( -3.5  V  vs.  Li+/Li),  meaning  low 
energy  density,  limits  its  application  in  high-energy  devices  [4-6]. 
Recently,  to  develop  the  energy  density  of  lithium  ion  batteries, 
many  researchers  have  made  great  efforts  to  explore  a  more 
attractive  member  of  this  group.  LiMnPCH,  which  exhibits  a  higher 
energy  density,  is  about  20%  larger  than  that  of  LiFePCH  due  to  its 
higher  operating  voltage  (4.1  V  vs.  Li+/Li).  Moreover,  compared  to 
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other  high  potential  olivine-type  cathode  materials  such  as  LiNiPCH 
(5.1  V  vs.  Li+/Li)  and  LiCoP04  (4.9  V  vs.  Li+/Li),  the  4.1  V  intercalation 
potential  of  LiMnPCH  is  compatible  with  conventional  non-aqueous 
organic  electrolytes  of  lithium  ion  batteries  [7]. 

However,  LiMnPCU  suffers  from  poor  electronic  conductivity 
and  low  lithium  diffusivity,  even  much  worse  than  those  of  LiFePCH, 
which  lead  to  its  low  discharge  capacity,  high  polarization  and  poor 
rate  capability  [8,9].  These  have  become  the  main  obstacles  for  its 
practical  application  in  lithium  ion  batteries.  In  order  to  improve 
the  electrochemical  performance  of  LiMnP04  cathode  materials, 
many  attempts  have  been  reported  10-15].  The  results  confirmed 
that  a  great  increase  in  the  electrochemical  performance  when 
substituted  some  Mn2+  by  Fe2+  to  form  the  solid  solution 
LiMni_xFe*P04,  and  it  combines  the  good  rate  capability  of  LiFePCU 
and  high  potential  of  LiMnP04  [16-21].  Numerous  synthetic 
methods  to  obtain  LiMni_xFexP04  with  the  improved  electro¬ 
chemical  performance  have  been  extensively  investigated  [22-30]. 
For  example,  Hong  et  al.  reported  LiMno.sFeo.2PO4  prepared  by  a 
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conventional  solid-state  method  could  deliver  a  specific  capacity  of 
138  mAh  g_1  at  0.1  C  [26  .  Chen  et  al.  have  synthesized  LiMni_x_ 
FexP04/C  on  the  basis  of  FeP04-2H20  nanocrystallites,  and  the 
samples  with  x  =  0.25  have  an  improved  discharge  capacity  of 
about  130  mAh  g-1  at  0.05  C,  which  is  mainly  attributed  to  iron 
substitution,  the  appropriate  Mn/Fe  ratio,  and  the  well-ordered 
crystal  structure  of  raw  materials  [28  .  Saravanan  et  al.  have  suc¬ 
ceeded  in  synthesizing  nanoplates  of  LiMni_xFexP04  using  a  simple 
solvothermal  method.  Especially,  LiMno.sFeo.sPCH/C  composite 
materials  exhibited  a  reversible  capacity  of  121  mAh  g_1  at  0.1  C 
[27].  From  above  results,  it  is  also  confirmed  that  the  electro¬ 
chemical  performance  of  LiMni_xFexP04  cathode  materials 
strongly  depends  on  the  synthetic  method. 

More  recently,  it  is  believed  that  particle  morphology  is  also  a 
key  factor  that  affects  the  discharge  capacity  of  olivine-type  cath¬ 
ode  materials  [31—37].  Ceder  et  al.  confirmed  that  lithium  ions  can 
move  easily  along  the  b-axis  in  the  olivine  structure  due  to  the  low 
activation  barrier  along  this  direction  [38].  Recently,  Kanamura 
et  al.  found  the  value  of  pH  in  the  LiFeP04  precursor  was  of 
importance  to  control  the  morphology,  especially  plate-like  crystal 
growth  [31  ].  In  addition,  Wang  et  al.  also  revealed  that  the  sample 
with  platelet  morphology  (only  ~30  nm  thick  oriented  in  the  b 
direction)  presented  a  good  rate  capability  [25].  It  exhibited  a 
specific  capacity  of  145  mAh  g-1  at  C/20, 141  mAh  g  1  at  C/10  and 
113  mAh  g-1  at  1  C.  In  our  previous  work,  we  have  successfully 
synthesized  LiMnPCU  [36]  and  LiFePCU  [37  cathode  materials  with 
certain  morphology  and  nanoscaled  particles  using  solvothermal 
method,  and  confirmed  that  LiMnPCU  thin  nanoplates  display  the 
largest  specific  capacity,  compared  with  LiMnP04  thick  nanoplates 
and  nanorods  [36].  Under  the  inspiration  of  these  successes,  we 
speculated  that  it  would  be  possible  to  synthesize  LiMni_xFexP04 
with  the  greatly  enhanced  electrochemical  performance  using 
solvothermal  method. 

Herein,  we  reported  LiMni_xFexP04  (with  x  =  0,  0.1,  0.2,  0.3,  0.4, 
0.5)  nanoparticles  synthesized  through  solvothermal  method.  The 
studies  include  two  aspects.  On  one  hand,  efforts  were  tried  to  find 
out  the  optimal  pH  value  of  solvothermal  reaction  system.  On  the 
other  hand,  LiMni_xFexP04  (x  =  0,  0.1,  0.2,  0.3,  0.4,  0.5)  were  syn¬ 
thesized  under  selected  condition  and  their  electrochemical  per¬ 
formances  were  discussed  in  detail.  To  improve  the  conductivity,  a 
small  quantity  of  carbon  was  coated  on  materials,  and  the  element 
analysis  showed  that  carbon  contents  in  the  final  cathode  materials 
were  ca.  2.7  wt.  %. 

2.  Experimental 

2.1.  Sample  synthesis 

LiMni_xFexP04  (x  =  0,  0.1,  0.2,  0.3,  0.4,  0.5)  nanoparticles  were 
prepared  by  solvothermal  method,  which  have  been  reported  for 
the  synthesis  of  LiMnPCU  and  LiFePCU  in  our  previous  work  [36,37]. 
First,  polyethylene  glycol  400  (PEG  400)  was  mixed  with  H3PO4 
( 1  mol  L-1 ),  and  then  LiOH  ( 1  mol  L-1 )  solution  was  dropwise  added 
to  the  above  mixture  with  vigorous  stirring  to  regulate  the  pH  value 
of  the  system.  In  this  work,  the  pH  value  was  set  as  9, 11, 12.5,  for 
purpose  of  controlling  the  morphology  of  products.  After  that, 
MnS04  (0.5  mol  L-1)  and  FeS04  (0.5  mol  L_1)  solutions  were  slowly 
introduced  into  the  system  in  sequence  under  stirring.  The  sus¬ 
pension  obtained  above  was  then  taken  in  a  Teflon  lined  stainless 
steel  reaction  vessel,  which  was  subsequently  autoclaved  in  an 
oven  at  180  °C  for  12  h  after  sealed  tightly.  After  the  vessel  was 
allowed  to  cool  down  to  ambient  temperature,  the  claybank 
products  obtained  were  collected  and  washed  with  ethanol  and 
water  each  for  several  times,  then  dried  under  vacuum  at  80  °C  for 
12  h.  In  the  above  processes,  H3PO4,  MnS04  and  FeS04  were  used  in 


the  molar  ratio  of  l:(l-x):x.  As  LiOH  was  added  to  adjust  the  pH 
value  of  the  system,  the  molar  ratio  of  Li:(Mn  +  Fe)  in  the  precursor 
was  about  3:1. 

Herein,  carbon-coating  was  carried  out  via  two  steps:  Firstly, 
LiMni_xFexP04  and  sucrose  (LiMni_xFexP04: sucrose  =  9:1,  weight 
ratio)  were  mixed  using  planetary  ball  milling  containing  appro¬ 
priate  ethanol  at  350  rpm  for  4  h  with  a  weight  ratio  of  sample: 
ball  =  1 :20;  secondly,  the  mixture  was  annealed  at  600  °C  for  4  h  in 
an  Ar  atmosphere.  The  carbon  contents  of  all  the  final  cathode 
materials  were  ca.  2.7  wt.  %  from  the  element  analysis  (CHNS/O 
Elemental  Analyzer,  PerkinElmer). 


2.2.  Structure  and  morphology  characterizations 

The  as-prepared  products  were  characterized  by  X-ray  powder 
diffraction  (XRD,  D8  Advance  diffractometer,  Cu  Ka  radiation). 
Morphology  was  examined  using  field  emission  scanning  electron 
microscopy  (FESEM)  (S-4800,  Hitachi)  and  high-resolution  trans¬ 
mission  electron  microscopy  (HRTEM)  (Tecnai  F20,  FEI). 

2.3.  Electrochemical  measurements 

Electrochemical  properties  of  the  LiMni_xFexP04  (x  =  0,  0.1,  0.2, 
0.3,  0.4,  0.5)  electrodes  were  measured  after  assembling  them  into 
coin  cells  (type  CR2032)  in  an  argon-filled  glove  box  using  lithium 
metal  as  the  anode  and  Celgard  2502  as  the  separator.  The  cathode 
was  prepared  by  spreading  a  mixture  of  active  material  (80  wt.  %), 
acetylene  black  (15  wt.  %),  and  poly  (vinylidene  fluoride)  binder 
(5  wt.  %)  dissolved  in  N-methyl  pyrrolidone  onto  an  aluminum  foil 
current  collector.  The  thickness  of  the  electrode  was  about  20  pm 
and  the  loading  density  of  active  material  on  the  electrode  was 
about  2.5  mg  cm-2.  The  electrolyte  (Zhangjiagang  Guotai-Huarong 
New  Chemical  Materials  Co.,  Ltd.,  P.  R.  China),  consists  of  a  solution 
of  1  M  LiPFg  in  a  mixture  of  ethylene  carbonate/dimethyl  carbonate 
(3:7  vol.  %).  The  coin-typed  cells  were  tested  in  a  voltage  range  of 
2.0  V— 4.5  V  (vs.  Li+/Li)  using  a  constant-current  constant-voltage 
(CC-CV)  protocol  at  various  rates  with  potentiostatic  steps  at  the 
cutoff  potential  on  a  battery  tester  (LAND-CT2001A,  Jinnuo  Wuhan 
Co.,  Ltd.,  P.  R.  China).  Cyclic  voltammetry  (CV)  measurements  were 
carried  out  on  an  Autolab83710  at  a  scanning  rate  of  0.1  mV  s  1 
with  the  voltage  ranging  from  2.0  V  to  4.6  V.  All  the  tests  were 
conducted  at  constant  temperature  (25  °C)  and  the  forming  current 
was  0.05  C. 
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Fig.  2.  SEM  images,  TEM  images,  SAED  patterns  of  LiMno.9Feo.1PO4  synthesized  at  different  pH  value  of  the  reaction  systems:  a)— d)  pH  =  9;  e)-h)  pH  =  11;  i)-l)  pH  =  12.5. 


3.  Results  and  discussion 

3.1.  The  effect  of  pH  value  of  the  reaction  suspension 

In  order  to  obtain  the  LiMnP04  with  different  morphology  and 
particle  size,  the  pH  value  of  the  reaction  suspension  was  adjusted. 
Fig.  1  shows  the  XRD  patterns  of  the  LiMno.9Feo.1PO4  samples  syn¬ 
thesized  under  different  pH  values  with  9, 11,  and  12.5.  It  can  be  see 
that  the  sharp  diffraction  peaks  of  all  samples  could  be  clearly 
indexed  as  orthorhombic  olivine  with  Pnmb  space  group  (JCPDS  No. 
74-0375)  and  no  obvious  impurity  was  detected.  This  indicates  that 
LiMno.9Feo.1PO4  of  high  crystallinity  and  pure  phase  could  have 
been  successfully  synthesized  within  the  pH  range  of  9—12.5. 

The  morphology  of  as-prepared  samples  could  be  controlled 
simply  by  adjusting  the  pH  values  of  suspension.  Nanorods  (Fig.  2a, 
b)  and  nanoplates  (Fig.  2i,  j)  were  achieved  when  the  pH  values 
were  9  and  12.5,  respectively.  The  former  is  mainly  50-100  nm  in 
brachy  axis  size  while  the  length  size  has  a  wider  range,  and  the 
latter  is  ca.  20-30  nm  in  thickness  and  ca.  70-100  nm  in  radial 
dimension  with  relatively  narrower  particle  size  distribution.  The 
higher  the  value  of  pH,  the  more  excess  the  Li  ions  in  the 


suspension.  In  recent  reports,  it  has  been  demonstrated  that  the 
excess  Li  was  favorable  for  attaining  small  particle  size  for  LiFePCU 
and  LiMnP04  [39,40  .  However,  the  sample  synthesized  at  pH  =  11 
presents  to  be  20-40  nm  nanoparticles  with  severe  aggregation 
(Fig.  2e,  f).  Moreover,  the  diffraction  patterns  of  both  nanorods 
(Fig.  2c)  and  nanoplates  (Fig.  2k)  are  regularly  distributed  spots  in  a 
certain  way,  indicating  high  crystallinity  of  particles.  The  growth 
direction  of  particles  (Fig.  2d,  1)  is  similar  to  the  pristine  ones  36], 
which  have  been  clarified  in  details  to  do  a  positive  effect  on 
shortening  the  diffusion  path  of  Li+.  Diffraction  dots  (Fig.  2g)  of 
sample  synthesized  with  pH  value  of  11.0  are  not  in  a  distinct  rule- 
based  way.  And  it  indicates  low  crystallinity  of  particles  with 
indistinct  lattice  fringe  image. 

In  addition,  after  ball-milling  and  calcining  at  600  °C  for  4  h,  the 
morphology  of  carbon-coating  LiMno.9Feo.1PO4  (LiMn0.gFeo.iP04/C) 
(Fig.  3)  differs  from  the  pristine  LiMno.9Feo.1PO4.  The  crystals  all 
exists  different  degree  of  growth  compared  to  the  primitive  ones. 
Nanorods  (pH  =  9,  Fig.  3a)  and  nanoparticles  (pH  =  11,  Fig.  3c)  have 
grown  and  aggregated  remarkably,  while  nanosheets  change 
slightly  and  still  have  good  dispersion,  indicating  that  plate-like 
shape  may  be  more  stable  than  other  shapes. 


Fig.  3.  Field  emission  scanning  electron  microscopy  (FESEM)  images  of  LiMn0.9Feo.iP04/C  synthesized  at  different  pH  value  of  the  reaction  systems:  a)  pH  =  9;  b)  pH  =  11;  c) 
pH  =  12.5. 
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In  order  to  find  out  the  optimal  pH  value,  the  electrochemical 
properties  of  above  three  samples  were  evaluated.  From  the  first 
charge-discharge  curves  (Fig.  4a),  the  initial  discharge  capacity  of 
three  samples  is  53  mAh  g-1  (pH  =  9),  139  mAh  g-1  (pH  =  11)  and 
155.5  mAh  g-1  (pH  =  12.5),  respectively.  All  samples  exhibit  a 
plateau  centered  at  ~4.1  V  (Mn2+/Mn3+)  during  charge  and 
discharge,  the  length  of  which  has  correlation  with  the  pH  value.  In 


Fig.  4.  Electrochemical  performance  of  LiMn0.9Feo.iP04/C:  a)  the  first  charge/discharge 
curves  of  LiMn0.gFeo.iP04/C;  b)  cycling  performance  of  LiMn0.9Fe0.iPO4/C;  c)  rate 
capability  of  LiMn0.9Fe0.iPO4/C. 


addition,  the  profiles  of  the  samples  synthesized  at  pH  =  11  and 
pH  =  12.5  both  show  an  additional  small  plateau  at  ~3.5  V,  which 
should  be  related  to  Fe2+/Fe3+  redox  couples.  However,  the  sample 
synthesized  at  pH  =  9  seems  to  be  too  low  capacity  to  come  up  with 
the  plateau  at  ~3.5  V.  Fig.  4b  shows  the  cycling  performance  of  the 
three  kinds  of  LiMno.gFeo.iP04/C,  which  measured  at  0.2  C-l  C  for 
charge  and  discharge.  Reversible  capacity  of  the  first  cycle  is 
42.5  mAh  g-1,  99  mAh  g-1,  128  mAh  g-1  corresponding  to 
LiMno.gFeo.iPCH/C  synthesized  at  pH  =  9, 11,  and  12.5,  respectively. 
After  30  cycles,  their  capacity  retentions  are  113.7%,  85.6%,  93.7% 
respectively.  Fig.  4c  exhibits  the  rate  capability  of  the  prepared 
LiMn0.gFeo.iP04/C.  In  the  case  of  LiMnP04,  it  has  been  reported  that 
not  only  solid-state  diffusion  of  Li+  but  also  the  crystallographic 
structural  change  give  significant  effects  on  the  charge-discharge 
rate  capability  [41  ].  It  is  clear  that  the  sample  prepared  at  pH  =  12.5 
shows  the  best  rate  capability  among  these  samples,  as  shown  in 


Fig.  5.  a)  XRD  pattern  of  LiMni_xFexP04  samples  (x  =  0,  0.1,  0.2,  0.3,  0.4,  0.5);  b) 
Calculated  lattice  parameters  and  unit-cell  volume  vs.  x  in  LiMni_xFexP04  samples. 
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Fig.  6.  a)  The  first  charge/discharge  curves  of  LiMni_xFexP04/C;  b)  cyclic  voltammograms  of  LiMni_xFexP04/C. 


Fig.  2(c,  g,  k).  Therefore,  the  reason  above  has  been  confirmed  that 
the  optimal  pH  value  is  12.5. 

3.2.  The  effect  of  iron  doping  content 

To  take  step  further,  LiMni_xFexP04  (x  =  0,  0.1,  0.2,  0.3,  0.4,  0.5) 
were  prepared  to  study  the  impact  of  Fe  content  while  the  pH  value 
was  controlled  at  12.5.  The  XRD  patterns  of  LiMni_xFexP04  are 
presented  in  Fig.  5a,  illustrating  that  all  samples  have  a  single 
olivine  phase  with  space  group  Pmnb  and  no  feature  peaks  of  im¬ 
purities  are  observed.  All  the  diffraction  peaks  move  to  higher  an¬ 
gles  in  a  continuous  fashion  with  increasing  concentrations  of  Fe.  In 
order  to  obtain  more  detailed  information  for  the  structure  of  these 
samples,  lattice  parameters  and  unit-cell  volume  were  calculated 
and  plotted  as  a  function  of  Fe  content  in  Fig.  5b.  As  expected,  the 
unit  cell  shrinks  continuously  as  Fe  is  introduced  into  the  system 
and  the  shape  of  the  curve  is  expressed  as  one  continuous  line, 
which  can  be  attributed  to  smaller  radius  of  Fe2+  (0.92  A)  than  that 
of  Mn2+  (0.97  A)  [26].  These  data  confirmed  that  Fe  was  doped  into 
the  lattice  structure  of  LiMnP04  successfully  with  all  setting  con¬ 
tent,  and  the  formed  LiMni_xFexP04  was  a  true  solid  solution  of 
LiMnP04  and  LiFeP04  as  demonstrated  by  XRD  patterns. 


The  SEM  images  of  these  samples  were  characterized  and 
shown  in  Fig.  6,  where  the  morphology  of  pure  LiMnP04  comes  to 
be  uniform  nanoplates.  We  note  that  Fe-doped  samples  have 
smaller  primary  particle  size  than  pure  LiMnP04,  which  may  be 
beneficial  to  the  electrochemical  performance.  Moreover,  these 
samples  contained  both  smaller  nanoparticles  and  nanoplates. 
Compared  to  the  carbon-coating  samples  (Fig.  7),  the  morphology 
has  little  change,  indicating  that  the  coating  process  just  has  slight 
impact  on  the  final  products  and  the  electrochemical  performances 
of  samples,  which  is  consistent  with  the  above  conclusion. 

Electrochemical  performances  of  LiMni_xFexP04/C  (x  =  0,  0.1, 
0.2,  0.3,  0.4,  0.5)  were  also  measured.  Fig.  8a  shows  the  first 
charge— discharge  curves  of  six  samples.  Two  plateaus  centered  at 
~3.5  V  and  ~4.1  V  separately  related  to  Fe2+/Fe3+  and  Mn2+/Mn3+ 
redox  couples  are  presented  for  Fe-doped  samples.  The  length  of 
plateau  at  ~3.5  V  becomes  much  flatter  and  longer  as  the  Fe 
amount  increases,  which  also  verifies  that  Mn-site  has  been  suc¬ 
cessfully  partially  substituted  by  Fe.  It  indicates  that  Fe  substitution 
conducts  a  positive  impact  on  two  phase  transformation  during 
both  charge  and  discharge  reaction.  Peaks  in  the  CV  test  (Fig.  8b) 
come  to  be  proof  to  the  above  statements.  Both  oxidation  and 
reduction  peaks  for  Mn2+/Mn3+  and  Fe2+/Fe3+  couples  grow 


Fig.  7.  SEM  images  of  LiMni_xFexP04  with  carbon  coating:  a)  x  =  0;  b)  x  =  0.1,  c)  x  =  0.2;  d)  x  =  0.3;  e)  x  =  0.4;  f)  x  =  0.5. 
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Fig.  8.  a)  The  first  charge/discharge  curves  of  LiMni_xFexP04/C;  b)  cyclic  voltammetry  of  LiMni_xFexP04/C. 


sharper  and  the  intensity  of  peaks  for  Fe2+/Fe3+  gradually  increases. 
This  could  be  attributed  to  an  improvement  in  kinetics  of  the 
lithium  intercalation/deintercalation  at  the  electrode/electrolyte 
interface  and/or  the  rate  of  lithium  diffusion  in  the  lattice,  with  the 
increasing  of  the  content  of  Fe. 

Cycling  performance  of  LiMni_xFexP04/C  was  also  evaluated  at 
0.2  C  for  charging  and  1  C  for  discharging  (Fig.  9).  After  100  cycles, 
reversible  capacity  is  57  mAh  g-1,  107  mAh  g_1,  117  mAh  g_1, 
124  mAh  g_1, 138  mAh  g-1, 147  mAh  g-1,  corresponding  to  x  =  0, 0.1, 
0.2,  0.3,  0.4,  0.5,  respectively.  Obviously,  Fe-doped  samples  still 
show  much  higher  reversible  capacity  than  the  pure  one.  In  addi¬ 
tion,  it  is  worthy  of  noting  that  the  capacity  retentions  of  samples 
go  up  with  increasing  the  content  of  Fe,  as  shown  in  Fig.  9b.  For 


example,  the  high  capacity  retention,  corresponding  to  the  ratio  of 
the  initial  and  100th  discharge  capacity,  is  nearlyl00%  for 
LiMno.5Feo.5P04/C  sample,  which  is  much  higher  than  that  of 
LiMnP04/C  (75%).  Jo  et  al.  reported  similar  result  that  Fe-doped 
could  suppress  the  surface  side  reactions  of  the  bulk,  restrain  the 
dissolution  of  Mn2+,  resulting  in  better  capacity  retention  [30]. 

The  rate  capability  of  LiMni_xFexP04/C  was  measured  in  a  CC— 
CV  mode  with  the  same  charging/discharging  rate  as  shown  in 
Fig.  9c.  The  rate  capability  of  LiMni_xFexP04/C  has  an  obvious 
improvement  with  increasing  the  content  of  Fe.  It  is  seen  that 
LiMno.5Feo.5P04/C  has  an  excellent  rate  capacity  and  still  has  a 
discharge  capacity  of  more  than  120  mAh  g-1  even  at  the  5  C  rate, 
which  is  much  better  than  the  material  with  same  Fe  amount  as 


Fig.  9.  Cycling  performance  and  rate  capability  of  LiMni_xFexP04/C;  a)  reversible  capacity  of  different  cycle  number;  b)  the  capacity  retention;  c)  reversible  capacity  at  different 
rates;  d)  energy  density  at  different  rates. 
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reported  in  previous  literature  [27].  Fig.  9d  illustrates  how  the  en¬ 
ergy  density  performs  at  different  rates.  At  the  low  rate  of  0.1  C  and 
0.2  C,  LiMno.gFeo.iPOzi/C  has  the  highest  energy  density  due  to  their 
long  plateau  at  ~4.1  V  and  similar  reversible.  With  increasing  the 
rate  from  1  C  to  5  C,  samples  with  more  Fe  amount  have  larger 
energy  density,  which  is  in  accordance  with  the  variation  of  ca¬ 
pacity.  That  is  because  the  longer  plateau  at  ~4.1  V  could  not  make 
compensation  for  the  severe  capacity  reduction  of  samples  with 
low  Fe  amount  as  the  rates  increase. 

4.  Conclusions 

LiMno.9Feo.1PO4  nanorods,  nanoparticles  and  nanoplates  were 
successfully  synthesized  under  solvothermal  condition  at  pH  =  9, 
11,  and  12.5,  respectively.  The  LiMno.9Feo.1PO4  nanoplates  show  the 
highest  rate  capacity  among  the  three  samples,  indicating  the 
optimal  pH  value  is  12.5.  In  order  to  further  investigate  the  effect  of 
Fe  doping  on  the  LiMnP04,  a  series  of  LiMni_xFe*P04  (x  =  0,  0.1, 0.2, 
0.3,  0.4  0.5)  nanoplates  were  synthesized  via  the  same  routine  at 
pH  =  12.5.  The  Fe-substituted  samples  form  a  solid  solution  and  the 
lattice  parameters  of  which  decrease  with  increasing  Fe  concen¬ 
tration.  Electrochemical  measurements  revealed  that  cycling  per¬ 
formance  of  LiMni_xFe*P04/C  has  been  significantly  improved  as  x 
rises.  Fe-substitution  also  confers  benefits  to  rate  capability  due  to 
the  suppression  of  Mn  dissolution.  Since  materials  studied  here  are 
all  with  ca.  2.7  wt.  %  carbon  content  which  is  the  lowest  among 
related  papers,  LiMno.sFeo.sPCH/C  nanoplates  with  good  electro¬ 
chemical  properties  prepared  by  a  simple  solvothermal  method  in 
this  paper  show  as  potential  cathode  materials  for  Li-ion  batteries. 
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